In the so-called unified dark fluid models, the dark sector gets simplified because dark matter and dark energy are replaced by a single fluid that behaves as the former at early times and as the latter at late times. In this short paper we analyze this class of models from the thermodynamic viewpoint. While the second law of thermodynamics is satisfied, the first two derivatives of the entropies of the apparent horizon and of the energy components suffer such a sharp oscillation that doubts are raised about the soundness of this class of models.
and entropy are given by [10] 
respectively. Here, and throughout, ℓ pl and k denote the Planck's length and the spatial curvature index.
The second law of thermodynamics simply formalizes the empirical fact that macroscopic systems spontaneously tend to thermodynamic equilibrium. In essence it asserts that the entropy, S of isolated systems can never decrease (i.e., S ′ ≥ 0), and that eventually it tends to a maximum (i.e., S ′′ ≤ 0) compatible with the constraints of the system [11] . Here the prime means derivative with respect to the relevant variable.
1
Before going any further, we remark that given the strong connection between gravity and thermodynamics [12] [13] [14] [15] it is natural to expect that the Universe behaves as a normal thermodynamic system; i.e., that it approaches a state of maximum entropy in the long run [16, 17] .
UDF models usually enter the following energy components: radiation, baryons and the unified fluid (subscripts b, r and u, respectively). As mentioned above, the latter plays the role of cold dark matter at early times and dark energy later on. Thus, the entropy of the Universe is contributed to by the entropy of these plus that of the horizon,
It must never decrease and it must be concave (S ′′ < 0) when a → ∞.
On the other hand, the Einstein field equations, assuming a spatially flat metric metric (k = 0), read
and
where w r = 1/3 and w b = 0. As usual, the Ω i quantities denote the fractional density (Ω i = ρ i / i ρ i ) of the corresponding component, and a zero subindex attached to a quantity indicates that it is to be evaluated at the present time.
Here we consider a UDF model in which the the transition is parametrized by the EoS [7, 8] 
It contains two positive-definite, but otherwise free parameters: a t , the scale factor at which the transition takes place, and β that gauges how quickly the transition proceeds (the smaller β, the faster the transition). For a ≪ a t one has 0 ≥ w u ≫ −1 , as illustrated in Fig. 1 of [8] ; in fact, the faster the transition, the smaller the ratio −a t /β and the hyperbolic tangent approaches −1. On the other side, when a ≫ a t , the hyperbolic tangent tends to 1 and
The conservation equation for the unified fluid, ρ where, without loss of generality, we have set a 0 to unity. Figure 1 plots the evolution of the fractional densities of all components (baryons, radiation, and the dark fluid) using the best fit values found in [8] . The sudden increase (decrease) of Ω u (Ω b ) at a t ∼ 0.6 is a distinguishing feature of the model. The evolution of the entropy of the apparent horizon is shown in Fig. 2 . In conformity with the expression
[which was obtained with the help of (4)], it never diminishes. On the other hand, the curvature of the graph changes from positive to negative values about the transition scale factor, a t ; i.e., when the dark fluid begins to fully dominate the expansion.
To get the second derivative of the entropy of the apparent horizon we first express the derivative of the fractional densities of the various components in terms of the original quantities, i.e.,
and obtain
As readily seen, S ′′ H (a → ∞) → 0, is in agreement with the graph of S H of Fig. 2 .
From Eqs. (7) and (9) we infer that the apparent horizon of the UDF model of Ref. [8] (and, in general, of every reasonable UDF model) satisfies the second law of thermodynamics. However, it would be too premature to jump to the conclusion that this guarantees the fulfillment of the second law for the Universe itself. It could happen that at some stage of the expansion the said law would get violated by one or more fluid components and a breakdown of the second law would be induced. Nevertheless, given the multiplicative factor k B ℓ −2 pl in the expression for S H , it is natural to expect that, indeed, the entropy of the horizon dominates over that of every component. In fact, this is the case by a factor of 18 orders of magnitude in the present Universe [18] . At any rate, it is safer to investigate the behavior of the two first derivatives of the fluid components to check whether the total entropy, given by the right-hand side of (2), comply with the said law.
The variation of the entropy of the radiation fluid and the unified fluid component follows from Gibbs's law
where T k denotes the fluid temperature, which is always positive definite. With the help of (3) and (4) it can be recast as
Bearing in mind the expression for w u [Eq. (5)] and Fig. 1 , one realizes that, except when the scale factor is small, S ′ r and S ′ u are bound to be negative.
From Gibbs equation and the condition that dS k be a differential, one obtains d ln T k /d ln a = −3w k . Consequently,
Because the baryon fluid behaves essentially as dust, its temperature vanishes and Gibbs's equation cannot be employed to calculate the evolution of its entropy. Here we resort to the procedure followed in [16] . Consider that every dust particle contributes to the entropy of this component by a given bit, say k B . Hence, within the apparent horizon we will have
H denotes the number of particles there and n = n 0 a −3 is the number density of dust particles. Thus, with the help of (4) we get
Again, it is apparent that from some scale factor onward S ′ b will be negative. Given the overwhelming dominance of the entropy of the horizon (and its two first derivatives) over the entropies of the fluid components, it follows that the second law of thermodynamics is satisfied by the UDF model (as well as by the ΛCDM model) thanks to the behavior of S H . Put another way, the fluid components do not by themselves satisfy the aforementioned law. If it were not by the horizon entropy neither model would comply with it. Should it be so, one would conclude that either of these models are unphysical or that the second law does not apply to cosmological scales. However, the latter conclusion would be hard to swallow in view, as mentioned above, of the close link between gravitation and thermodynamics [12] [13] [14] [15] . The left panels of Figs. 3 and 4 show a strong and sudden oscillation in the entropy derivatives of the UDF model that starts well before the transition scale factor a t is attained (i.e., while w u still mimics the EoS of pressureless dark matter) and ends up shortly after the present time. By contrast, as shown in the right panels of these figures, the oscillation is much less severe in the ΛCDM model (it is of a much smaller amplitude, and grows and decays more slowly) and finishes much later (especially in S ′ H ).
This different behavior can be traced to the evolution of dw u /da depicted in Fig. 5 . The w ′ u big dip, centered about a t , accounts for the quick variation of the first derivative of the entropies, and the second derivative of S H . By contrast, in the ΛCDM model (which has w Λ = −1 and w m = 0 at any scale factor), the said variations are necessarily much softer. In summary, on the one hand, the UDF class of models fulfill the second law of thermodynamics, i.e., its total entropy (that of the horizon plus matter and fields inside it is never decreasing and it tends to a maximum as a → ∞). On the other hand, owing to the abrupt behavior of the EoS, the first and second derivatives of the entropy present a rather peculiar, sharp oscillation that casts doubts on the soundness of this class of models. 
